ABSTRACT Unlike conventional resources, unconventional resources, such as shale gas and coal bed methane, are situated horizontally under geological formations. To exploit these resources, directional drilling and hydraulic fracturing technologies are required. In directional drilling, the dog leg severity (DLS), which indicates how much the angle changes while drilling 100 ft, is a major issue with respect to the cost and time of drilling. In this paper, we briefly review different types of directional drilling methods and propose a new hybrid-type rotary steerable system (RSS). DLS calculations based on three-point geometry for these systems are suggested. This hybrid RSS combining two conventional types of RSSs: point-the-bit and push-the-bit systems, achieves better steerability. The hybrid mechanism is implemented using hybrid pads with hydraulic cylinders and a spherical joint. The advantages of the proposed system are demonstrated by performing small-scale prototype and cement block drilling tests.
I. INTRODUCTION
The demand for extracting unconventional resources is rapidly increasing due to their large reserves. Shale gas reserves were estimated to be about 187.5 trillion m 3 in 2010, and potential reserves are expected to be about 635 trillion m 3 [1] . Unconventional resources such as shale gas are situated horizontally under geological formations; therefore, the most efficient way to excavate these resources is to use directional drilling and hydraulic fracturing technologies [2] . Directional drilling technology can reduce the drilling time and cost compared to those of conventional vertical drilling [3] . In oil and gas drilling, directional drilling also enables the avoidance of solid rocks located in underground paths and can be used for multi-target drilling and building multi-lateral wells from a single initial hole [4] . However, directional drilling is very challenging to perform succefully, because systems must withstand the high heat and pressure that exist deep underground [5] , [6] , which requires the use of technologies such as steering mechanisms, underground localization, and control algorithms. One of the key issues faced by directional drilling systems is dog leg severity (DLS). DLS expresses how much the drilling system angle (inclination and azimuth) changes while drilling a distance of 100 ft. As shown in Fig. 1 , the kick-off point (KOP) becomes deeper as the DLS increases [7] , which favorably affects the drilling time, cost, and productivity because vertical drilling using a top drive of the rig is faster than horizontal drilling using a mud motor in a bottom-hole assembly (BHA) and the exposed reservoir area is longer. Therefore, the deeper the KOP is, the shorter the directional drilling and the longer exposed reservoir distances are.
Directional drilling has been used in oil fields since the 1890s, from the inception of early whip-stock systems. In the 1960s, a steerable motor (bent-sub) was developed. Directional drilling became more popular with the increase in demand to extract shale gas, and in the mid-1990s, RSSs began to appear [4] , [10] , [11] . Fig. 2 shows the schematic of these directional drilling methods. In the whip-stock method, an additional device composed of strong materials called a whip-stock is employed that has an incline and is used as a guide for the drilling direction. To apply a whip-stock to drilling, a large straight hole is drilled in advance, the drilling system is pulled out, the whip-stock is installed at the bottom of the borehole, and the drilling system is operated using a smaller drill bit. The drill bit follows the slope of the whip-stock and attains the desired steering angle for directional drilling. Although this method was the first directional drilling technique in the world, it has the drawback that the BHA needs to be pulled out from the hole whenever the drilling direction is changed, which increases the required drilling time and labor [10] . In the bent-sub system, the steering motor can deliver rotation power to the drill bit while bent. Consequently, the drilling time is shorter than that in the whip-stock method, since no additional equipment has to be installed; however, it is still necessary to pull the system out whenever a direction or angle change is necessary, because the bent angle cannot be adjusted while drilling [9] , [11] .
To address this problem, two types of rotary steerable systems, namely the push-the-bit and the point-the-bit systems, have been developed. Both types of systems can change direction while drilling, and as such, rotary steerable systems are the most convenient drilling systems available. In a push-thebit system, three or four pads or blades that are equally spaced around the drill housing are employed to change the direction of the BHA. These pads both push the wellbore and move the center of the drill housing away from the wellbore. In a point-the-bit system, the drill bit heading is changed using a steering mechanism located inside the RSS. The proposed steering mechanism design is diverse and complicated in comparison with the push-the-bit type. The shape of the drill bit also differs from that of the push-the-bit system, in that a long gauge bit is used. Among directional drilling methods, the RSS is currently widely used due to its convenience and efficiency [18] - [21] . In 2013, Schlumberger Ltd. developed a hybrid RSS called the PowerDrive Archer [22] - [24] . It is a fully rotating RSS in which internal pads are used to move the drill housing by combining push-the-bit and pointthe-bit systems. This system is expected to deliver a DLS of 18 • /100ft, which indicates the best steerability among conventional RSSs.
In this paper, we propose a novel hybrid-type RSS. Our novel RSS concept is similar to the hybrid RSS developed by Schlumberger, but the proposed RSS is also able to pull the pad to the center of the drill housing, resulting in more net force for steering. The internal structures of the pushthe-bit and point-the-bit systems are almost similar. Using this property, we propose a new type of RSS mechanism by combining mechanisms of these systems. This hybrid-type RSS can operate both steering mechanisms to provide more steering angle at the same time and needs only one actuator part for it. Then, we compare the maximum DLS of the proposed RSS to those of conventional RSSs by using three-point geometry. The maximum DLS for hole size of 171.5 mm and 216 mm achieved by major directional drilling companies is about 6.5 • /100ft [8] , [9] . Two novel RSS prototypes are developed during our study; one for a laboratory-scale experiment using electronic motors and another for a cement block drilling experiment using a real-scale model using hydraulic cylinders. Two experiments are performed to demonstrate the steerability of the developed systems, and a simple schematic of the developed directional drilling system components is provided in Fig. 3 . The BHA is composed of five parts: a drill pipe, a sensing and control unit, a mud motor, a steering unit, and a drill bit. The contribution of this paper is the proposal and development of a novel hybrid-type rotary steerable system (RSS) which can achieve high DLS compared to the conventional drilling system.
II. HYBRID TYPE RSS
In oil fields, the drilling length is extended by connecting drilling pipes; as the length and depth of drilling increase, more pipes and force are required [12] . The sensing/control unit is designed to estimate the location of the system and to control its direction [13] . A mud motor located between the sensing/control unit and steering unit, produces rotation power by converting mud pressure into torque. The steering unit is equipped with hybrid pads that push the wellbore and tilt the drill bit. Finally, the drill bit is used to crush or cut rocks. While correct bit selection is an important factor in drilling because it affects the rate of penetration (ROP) [14] , only the steering unit is discussed in this paper. We focus on the design of the steering unit mechanism and its control, which is the first option for improving the DLS of the RSS when using geometric methods [15] - [17] .
One of the main issues in directional drilling is the DLS. Drilling vertically with a top drive rig is faster than using a mud motor underground, and thus a high DLS can decrease the horizontal departure and overall drilling time. Our proposed hybrid type RSS is a combination of push-the-bit and point-the-bit systems, thus providing high steerability through utilization of hybrid pads. This system is equipped with three hybrid pads that can tilt the drill string inside the housing and push the outer wall, which is possible due to the operating structure of combining two types of RSSs. For both types, when the RSS is being steered while going forward, a force must be applied to the side opposite to the system heading. Taking this factor into consideration, we designed new pads that can actuate both push-the-bit and point-the-bit systems simultaneously, as shown in Fig. 4 
(a).
As can be seen in Fig. 4 (c), each pad operates with a cylinder that moves parallel to the drill shaft. The pad only moves perpendicularly, as it is connected to a guide rail that is fixed to the drill housing. The pad has a slope inside its body, and bearings are attached at the end of the cylinder rod to transform parallel movement into perpendicular movement. These pads push the wellbore and drill shaft simultaneously to move of the proposed RSS.
There are some design considerations for the proposed RSS. In each drilling technique, mud is used to cool the drill bit, to remove fragments that spring up during drilling, and to drive the mud motor. Therefore, a drilling system should have a mud path to allow mud to pass through. As shown in Figs. 4(b) and 4(d), mud enters the steering unit immediately after passing through the mud motor. First, mud flows into the chamber, which builds the mud pressure to activate the cylinder via the pressure valve. The pressure valve consists of a screw, tab, and spring, and controls the internal pressure of the steering unit by blocking mud flow until the pressure reaches a set value. Given the inner diameter of the chamber D c , spring constant k s , distance between the block and the chamber's exit d, and initial tension of the spring T i , the generated pressure P c can be represented as:
where A is the cross-sectional area of the inner chamber and F s is the force from the spring. The distance d can be changed by adjusting the pressure valve. The drill shaft is separated into three links with two universal joints, and the drill shaft can thus be bent into any desired position without being damaged. However, the mud cannot flow through the universal joint; thus, mud inside the chamber flows to the inside of the steering unit housing until it reaches the bit box. When the mud reaches the bit box, it flows into the bit box and sprays out from the bit. Since there are numerous bearings inside the steering unit, rubber seals are employed to prevent bearing abrasion.
III. CONTROL AND DLS A. DIRECTIONAL CONTROL OF THE HYBRID RSS
The drill shaft is controlled by three different pads pointing toward the center of the drill housing. Each pad is controlled by a hydraulic system, which consists of a four-port-threeway solenoid valve and a hydraulic cylinder. As illustrated in Fig. 5(a) , given the desired position to the center of the drill shaft, we use a rotation matrix to control the position of each pad. The coordinate of the target point is (x, y) and the angles between the X -axis and pad axes l 1 , l 2 , and l 3 are α, β, and γ , respectively. Assuming that the vector A contains the coordinates in a relative coordinate frame located on axis l 1 , the vector B contains the coordinates in a global coordinate frame, and the matrix R is the rotation matrix around Z -axis, the relationship between A and B can be written as:
where Table 1 shows the relationship between the global coordinate frame and the relative coordinates on each axis l 1 , l 2 , and l 3 when (x,y) is on the global coordinate frame. By applying the same equations to pads 2 and 3, the distances d 1 , d 2 , and d 3 that the three pads must move can be obtained as follows: where d 1 (t), d 2 (t), and d 3 (t) are the current positions of the pads, and d 1 (t + 1), d 2 (t + 1), and d 3 (t + 1) are the new positions of the pads when the center of the drill shaft moves to (x, y). An encoder is installed between each pad and the drill housing, and its value is used for feedback control. After the positions of the pads are determined, all three pads should move simultaneously without damaging the cylinders. We therefore divided the movement into n-steps. For example, if the center of the shaft is located at the center of the housing and is about to move to (x, y), a direct straightline path is drawn and its length is divided into n-steps. Hence, the three pads undergo only small movements in each step to decrease the mechanical load on the cylinders. The pad positions are confirmed and compensated based on the encoder values in each step.
B. DLS CALCULATIONS
As previously mentioned, the DLS represents the performance of an RSS as an angle per 100 ft or 30 m.
The units of length and angle are meters and radians in equations (6) to (18) unless otherwise stated. There are several theoretical methods for calculating DLSs. The first method is to use the vertical depth (VD) and horizontal departure (HD) [4] . As can be seen in Fig. 6 , it is assumed in this method that the radius of the curvature R remains unchanged.
where θ is the curvature angle of the drill trajectory. However, this method is usually employed for setting the drilling path and can be utilized to calculate the DLS only after drilling. The second method for calculating the DLS is called the three-point geometry method, and it can be applied to bentsub and point-the-bit drilling systems as they operate using similar mechanisms. The three points of contact that establish a curve are the drill bit, kick pad, and top stabilizer for a bent-sub system. Calculation of the DLS of the system is dependent on the following components: the bent angle, outer diameter of the stabilizer, location of the top stabilizer in the BHA, and distance between the bit gauge and bent point. Fig. 7 (a) presents a diagram of the three-point geometry method for a bent-sub system [25] . For a point-the-bit system, it can be assumed that the near bit stabilizer is a bent point. These three points form a triangle and by using the law of sines, the radius of curvature R and the DLS can be calculated as follows:
To obtain the DLS of the push-the-bit type, three-point contact geometry can also be applied. As shown in Fig. 7(b) , three contact points are between a wellbore and a top stabilizer (P 1 ), the BHA housing (P 2 ), and the drill bit (P 3 ). Let us denote the diameters of the drill bit, the BHA housing, and the stabilizer as D b , D h , and D s , respectively, and the distance between the drill bit and the stabilizer as D. These three points are the vertices of a triangle whose circumcircle has the radius of the borehole curvature R, which can be determined using a Pythagorean theorem and the DLS can be approximated as follows:
where
2 , and C = BD A+B . However, this method is not suitable for showing the effect of the pad position. According to a study by Zhang and Samuel [16] , an analytical model for the push-thebit system can be obtained, as shown in Fig. 7(c) . This model also has three contact points, which are located at; the stabilizer (P 1 ), the pad (P 2 ), and the bit (P 3 ). In Fig. 7(c) , α 1 is the angle between the two lines: one is formed by connecting contact points P 2 and P 3 , the other is the horizontal line passing through P 2 . Similarly, α 2 is the angle between the two lines: one is formed by connecting contact points P 1 and P 2 , the other is the horizontal line passing through P 2 . The distances between axis of the BHA and the contact points are denoted as d 1 , d 2 , and d 3 . L 1 and L 2 represent the distances between the bit and the pad; and between the pad and the stabilizer, respectively. Next, the DLS of a push-the-bit system can be calculated from the ratio between the angular change α and travelled length L, which is then converted into degrees per 30 m as follows:
The designed novel RSS can be regarded as a push-the-bit system with an additional bent angle α. Three contact points exist between the wellbore and RSS, which are located at: the stabilizer, the pad, and the drill bit. A simple diagram depicting this RSS is presented in Fig. 7(d) . To obtain the DLS of the newly designed RSS, it is necessary to calculate R. The dimensions A, B, and D 1 can be expressed in terms of the radius of the pad R P when it reaches the point of maximum stroke, the radius of the drill bit R D , the radius of the stabilizer R S , the distance between the pad and the drill bit L 1 , the distance between the pad and the stabilizer D 2 , and the bent angle α as follows:
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Equation (18) can also be applied to point-the-bit RSSs (assuming that R P is the same as the radius of the drill housing) and push-the-bit RSSs (if α = 0).
C. DLS COMPARISON
It is necessary to compare the DLS of the push-the-bit, the point-the-bit, and hybrid RSSs to prove the advantages of the proposed hybrid RSS. Fig. 8(a) shows how the DLS changes with the position of the steering mechanism in systems of the three RSS types when the total system length is 3 m. The installation location of the steering unit (L 1 ) is from 2 ft to 8 ft due to the size of the drill bit and the stabilizer. The steering angle, cylinder stroke, radius of housing, radius of stabilizer, and radius of drill bit are 1.7 • , 10.4 mm, 85.7 mm, 102.5 mm, and 111 mm, respectively. In this case, the steering angle should be 0 • for the push-the-bit system and the cylinder stroke should be regarded as 0 mm for the pointthe-bit system. For the point-the-bit system and the hybrid RSS, the DLS value is proportional to the distance between the bit and steering mechanism; however, a longer gauge bit is required to achieve a greater DLS. The DLS of the pushthe-bit system is favorable when the steering mechanism is close to the bit; otherwise, it is lower than the DLSs of the other types of systems. As expected, the hybrid RSS yielded a DLS better than those of the other systems. Fig. 8(b) shows the steering efficiency of the hybrid RSS over the maximum DLS of the other RSSs.
IV. DRILLING EXPERIMENTS A. LABORATORY-SCALE DRILLING EXPERIMENT (PROTOTYPE RSS)
We built a prototype to test the DLS capability of the proposed RSS on the laboratory-scale. A drilling experiment was conducted using high-density insulation foam with a length, VOLUME 5, 2017 width, and height of 7.2 m, 1 m, and 0.9 m, respectively. The compressive strength of the insulation foam was approximately 0.5 MPa. Fig. 9(a) shows the settings employed in the prototype drilling experiment. We used a scissor jack to supply weight on bit (WOB) to the system and made gantries to hold the drilling point. The mechanism of the prototype RSS was similar to that of a real-scale RSS, but was scaled down to 1/3 size, and electric power was used to move the pads and drill bit. To estimate its DLS, it was necessary to determine several specifications for the prototype RSS. Table 2 and Fig. 9(b) provide the specifications and an image of the designed prototype RSS. By substituting these parameters into (11)- (18), the DLS was predicted to be approximately 67.9 • /100ft.
The experimental procedure was as follows: 1) Align the gantry with the desired drilling direction. 2) Place the RSS on the gantry. The prototype RSS achieved a maximum DLS of approximately 43.7 • /100ft. We set the drilling direction to the left of the RSS, but the results indicate that the RSS drilled out to the bottom left. This difference was resulted from the fact that when the friction force between the insulation foam and drill bit exceeds that between the insulation foam and other parts of the RSS, the torque from the motor inside the RSS rotates the body of the RSS.
B. CEMENT BLOCK DRILLING EXPERIMENT (REAL-SCALE RSS)
The developed RSS was designed to drill cube-shaped cement blocks each having dimensions of 1 m × 1 m × 1 m. Ten cement blocks were used with two different compressive strengths: five each with compressive strength of 40 MPa and 55 MPa. Fig. 10(a) shows the testbed settings. Additional equipment utilized during the experiment included a horizontal drill rig, a mud pump, and a mud motor. We Table 3 summarizes the main specification for the designed RSS and Fig. 10(b) shows an image of the designed steering unit of the RSS. By applying (11)- (18) , the DLS can be predicted to be approximately 38.96 • /100ft, which is roughly double that of conventional RSSs in terms of steerability.
The experimental procedure was as follows: 1) Set the alignment of the drilling system components: the rig, support fixture, and RSS. The RSS achieved a maximum DLS of about 32.0 • /100ft when drilling the second block. We set the drilling direction to the right side of the RSS, but the results show that the RSS drilled out to the bottom right due to gravity and the friction between the drill bit and cement blocks similar to the laboratory-scale experiment results. In addition, the DLS decreases significantly with deeper drilling, due to a change of the compressive strength of the cement blocks and sludge inside the borehole because of insufficient mud flow from the mud motor. This problem can be improved by switching to a mud pump with superior specification. However, the experimental results reflect good DLS performance despite this problem.
V. CONCLUSION
We proposed and developed a novel hybrid RSS mechanism with high steerability (up to 32 • /100ft). The DLS values of three types of RSSs were compared to that of the hybrid RSS. The developed system produced the best results in terms of steerability and was less affected by formation hardness due to simultaneous operation of point-the-bit and push-thebit mechanisms. We also proposed a method of calculating the DLS of the hybrid RSS using three-point geometry.
To determine the DLS accurately, additional factors such as the number of revolutions per minute (RPM), side force of the drill bit and ROP of the BHA should be considered [17] , [26] . According to experiments conducted by Sugiura [15] , the ideal drill bit RPM is 100 and the ideal BHA ROP is approximately 15 m/hr. Unfortunately, our prototype RSS was operated at 67 rpm and 1.28 m/hr during the experiment. The results of the experiment will approach the theoretical values if the drill bit RPM and BHA ROP are increased. In future works, the proposed RSS mechanism should be optimized in terms of system composition and directional stability. We will also develop an angle holding algorithm using the roll angle of the BHA housing to hold its drilling direction and to follow planned path. In addition, we would like to improve the bit design, pressure control, and rotating torque to achieve better system performance. 
